It is shown that, if the hypercharge obtains a flat superhorizon spectrum of perturbations from inflation it can generate both the observed curvature perturbation; accounting for structure formation, and a sizable primordial magnetic field; capable of explaining galactic magnetism. The mechanism employs the recent vector curvaton idea for the Z-boson field after the electroweak transition.
It is shown that, if the hypercharge obtains a flat superhorizon spectrum of perturbations from inflation it can generate both the observed curvature perturbation; accounting for structure formation, and a sizable primordial magnetic field; capable of explaining galactic magnetism. The mechanism employs the recent vector curvaton idea for the Z-boson field after the electroweak transition.
Observations provide strong evidence that the Universe underwent a phase of inflation in its early history. One of the most important consequences of inflation is the generation of the curvature perturbation, which is necessary for structure formation and is observed through the CMB anisotropy [1] . Quantum fluctuations of suitable fields give rise to a flat superhorizon spectrum of perturbations through the process of particle production [2] . Under certain circumstances these perturbations can create the curvature perturbation of the Universe. So far only scalar fields have been employed for this task. In recent works, however, it has been shown that Abelian gauge fields can also work [3, 4, 5] . Indeed, in Ref. [3] it was shown that, if a vector field obtains a flat superhorizon spectrum of perturbations during inflation, it can act as a curvaton field [6] provided, at some point after inflation, its mass-square becomes positive and bigger than the Hubble scale. In this case the vector field condensate oscillates coherently, behaving as pressureless isotropic matter [3] . Thus, it can dominate the radiation background without introducing significant anisotropy, imposing thereby its own curvature perturbation according to the curvaton mechanism [6] . In Ref. [4] the mechanism was shown to work when the phase transition, which renders the vector field massive occurs near electroweak unification. Hence, it is intriguing to explore whether the massive gauge fields of the standard model can play the role of vector curvaton.
The most promising candidate for the vector curvaton in the standard model is the Z-boson field, which acquires a mass at the electroweak phase transition and can rapidly oscillate coherently before its decay. What we propose in this letter is the possibility that, a nearly scale invariant spectrum of hypercharge superhorizon perturbations, generated during inflation, may project onto the Z-boson direction and, through the vector curvaton mechanism, produce the curvature perturbation in the Universe. As a side effect, the mechanism also generates a primordial magnetic field due to the projection of the hypercharge spectrum onto the photon direction as well. In this letter we estimate the characteristics of this magnetic field and we find that it can be strong and coherent enough to account for the magnetic fields of the galaxies. * Electronic address: k.dimopoulos1@lancaster.ac.uk Hence, in a single stroke we can explain both structure formation and galactic magnetism.
Most of the observed galaxies carry µGauss magnetic fields, which are dynamically important [7] . In spiral galaxies the magnetic field follows the spiral arm structure, which indicates that it is being rearranged by a dynamo mechanism similar to the one that operates in the Sun [8] . Such a galactic dynamo can amplify a weak seed field up to µGauss strength when dynamical backreaction kicks in. The origin of this seed field, however, remains elusive. It has been theorised that the seed magnetic field may be of cosmological origin [9] . Since it breaks isotropy, a coherent magnetic field can be generated only out of thermal equilibrium [10] . Generation during phase transitions is a possibility [11] . However, in this case the correlation length of the magnetic field is no larger than the horizon at the time of formation (unless one employs inverse cascade mechanisms [12] ). This gives rise to highly incoherent fields which may destabilise the dynamo action [13] . The required coherence is attained if the magnetic field is produced during inflation through particle production. This is possible, however, only if the conformality of electromagnetism is violated during inflation. Since the pioneering work in Ref. [14] , a number of mechanisms have been suggested to this end [15, 16, 17] . Other mechanisms generate magnetic fields with superhorizon correlations at the end of inflation [18] . In general, successful mechanisms manage to generate a superhorizon spectrum of photon perturbations giving rise to a superhorizon spectrum of magnetic fields.
The above mentioned mechanisms can be employed in general to obtain a superhorizon spectrum of perturbations for Abelian gauge fields at the end of inflation. To be the source of the curvature perturbation such a spectrum needs to satisfy a further requirement; namely approximate scale-invariance. Without going into details for its origin, let us assume that, at the end of inflation, the spatial part of the hypercharge field Y has obtained a flat superhorizon spectrum of perturbations δY = δY (x, t). The temperature of the plasma at the end of inflation is rather large T end ∼ (m 2 P ΓH * ) 1/4 [19] , where Γ is the decay rate of the inflaton field, H * is the inflationary Hubble scale and m P = 2.4 × 10
18 GeV is the reduced Planck mass. Typically, this temperature is much higher than that of the electroweak unification. Therefore, mechanisms generating a primordial magnetic field (PMF) from inflation, are actually cre-ating a hypermagnetic field. The conductivity of the plasma is very high, which means that the hypermagnetic field B Y ≡ ∇ × Y = ∇ × δY becomes frozen into the plasma. In the above we considered that inflation has homogenised the hypercharge field so that we can write Y = Y (t) + δY (x, t) with Y (t) being the zero mode. The freezing of the hypermagnetic field into the plasma guarantees that the memory of the superhorizon perturbations of the field is preserved.
However, to guarantee also the survival of the zero mode we must require that the gauge invariance of the hypercharge is not restored, at least until the electroweak phase transition. Were it otherwise the zero-mode of the field would become a gauge artifact and could be gauged away. Most of the mechanisms which generate, through particle production, a superhorizon spectrum of vector field perturbations in inflation, when breaking the vector field conformality, they also break its gauge invariance (e.g. through a non-minimal coupling to gravity [5] ). We assume here that gauge invariance remains broken after inflation and until the breaking of electroweak unification. This would result in the field becoming a physical, observable quantity. Therefore, a condensate of the field would also be physical and could survive until the electroweak transition. Note also that a non-oscillating condensate has no particle interpretation and cannot evaporate by interactions with the thermal bath.
At the electroweak transition the hypercharge projects onto the photon and the Z-boson directions through the Weinberg angle θ W as A = Y cos θ W and Z = Y sin θ W respectively. The equation of motion for the Z-boson is
where G ≡ det(g µν ) and J ν is a source current. Using the above and the flat FRW metric ds
(where i = 1, 2, 3 and a is the scale factor), the spatial part of the homogeneous zero-mode is found to obey the equationZ
where Z ≡ |Z|, J ≡ |J| and the dot denotes derivatives with respect to the cosmic time t. From the above it is evident that the Z-boson condensate, once formed at the electroweak transition, begins coherent oscillations because its mass m Z ≃ 91 GeV = 3.8 × 10 −17 m P is much larger than the Hubble scale at the time H ew ∼ 10 −32 m P so the friction term in Eq. (2) is negligible. The Zboson decays almost immediately, since its decay rate is Γ Z ≃ 2.5 GeV [20] . Before decay, however, it manages to undergo several oscillations since m Z /Γ Z ≈ 37. Note that, during these oscillations we can ignore the source current since the condensate evaporates no earlier than at the time of decay ∆t evap Γ −1 Z . Before evaporation the effect of the source current is subdominant to the zero-mode, in the condensate's dynamics.
As shown in Ref. [3] a coherently oscillating vector field condensate behaves like pressureless, isotropic matter. This means that the oscillating Z-boson condensate can act as a curvaton if its density is near domination at the phase transition without producing significant large-scale anisotropy [3] . Defining the density parameter Ω Z at the electroweak transition (denoted by 'ew') as (ρ Z ) ew ≡ Ω Z ρ ew , we find
where, according to the flat Friedman equation, the density of the Universe at the electroweak transition is ρ ew = 3m This may be ensured as follows. The mass of the Zboson is given by m Z = gφ, with g being the gauge coupling and φ being the Higgs field. At the phase transition the Higgs also oscillates briefly around its VEV with slightly larger frequency than the Z-boson (since, for the Higgs mass: m φ m Z ). This means that Eq. (2) may result in resonant amplification of the amplitude of the condensate as Z ∼ e µm φ t Z 0 , where Z 0 = sin θ W Y ew is the initial value, due to the projection of the hypercharge condensate, and µ is the strength of the resonance. Such resonant amplification can ensure that ρ Z rapidly becomes a significant fraction of the total density. Needless to say that, when ρ Z → ρ ew the resonance becomes narrow and stops. Hence, in general we can write
and similarly for δZ ew . In the above N corresponds to the possible resonance amplification factor of the Zboson spectrum, whose value lies in the range
where Γ φ is the decay rate of the Higgs field. Low values of N correspond to the possibility that the hypercharge condensate Y ew is large enough for ρ Z to be already comparable to ρ ew without much resonant amplification. For the curvature perturbation attributed to the Zboson field (in a foliage of spatially flat hypersurfaces) we have
where, in the last equation, we divided the numerator and denominator by e N sin θ W . We also used that, during (quasi)harmonic oscillations, the density of a massive vector field scales as ρ Z ∝ a −3 [3] . 1 According to the curvaton mechanism, the curvature perturbation of the Universe is ζ ∼ i (ρ i /ρ)ζ i , where i runs over the components of the Universe content [6] . Assuming that no other significant contribution exists to the above sum, apart from the Z-boson condensate, we find ζ ∼ Ω Z ζ Z , where ζ = 4.8 × 10 −5 is the observed curvature perturbation. Hence, using Eqs. (3) and (4), we obtain
Let us investigate now the corresponding primordial magnetic field (PMF) which results from the projection of B Y onto the photon direction. Similarly to B Y we have B ≡ ∇ × A = ∇ × δA. Hence, at galaxy formation (denoted by 'gf'), the rms PMF over the lengthscale ℓ is
where we considered that, because of gravitational collapse, flux conservation amplifies the PMF by a factor ( 0.1 Mpc 10 kpc ) 2 ∼ 10 2 , with 0.1 Mpc {10 kpc} being the typical dimensions of a protogalaxy before {after} the collapse at the time of galaxy formation. As the Universe expands, flux conservation reduces the magnitude of the magnetic field as B ∝ a −2 . Since ℓ ∝ a before galaxy formation, we find δA ∝ a −1 . Scaling back to the electroweak transition we obtain
where T CMB ∼ 0.23 meV is the temperature of the CMB and T ew ∼ 10 2 GeV is the temperature at the electroweak transition, with z gf ≃ 5 being the redshift at galaxy formation. Combining Eqs. (7) and (9) we find
Putting the numbers in we arrive at
Thus, we see that, at the scale of the largest turbulent eddy ℓ 100 pc, we can obtain B seed ∼ 10 −30 Gauss, provided the resonant amplification of the Z-boson spectrum is negligible N ≤ O(1). This simply requires that the hypercharge condensate is already large enough at the electroweak transition, not to allow resonant amplification.
The above PMF is just about strong and coherent enough to seed the galactic dynamo mechanism, which explains the observed µGauss magnetic fields of the galaxies [21] . Note that, being due to the same cause (the hypercharge perturbations), the PMF and the curvature perturbation are correlated, which implies that overdensities are more intensely magnetised that the surrounding matter. This may assist gravitational collapse and the formation of Population III stars and quasars by removing angular momentum [22] .
All in all, we have shown that, in a single stroke, we can generate both the observed curvature perturbation ζ in the Universe and the galactic magnetic fields, using nothing more that the gauge field content of the standard model. However, we need to go beyond the standard model to generate the superhorizon spectrum of hypercharge perturbations, which we postulated at the beginning. Similarly, we need to keep the gauge invariance of the hypercharge broken until the electroweak phase transition, to maintain the hypercharge condensate physical.
The perturbation of the hypercharge can be linked to the Hubble scale of inflation, but the relation is model dependent. Existing vector curvaton proposals include the following. In Ref. [3] it is shown that an Abelian vector field obtains the desired flat superhorizon perturbation spectrum if its effective mass during inflation is m 2 ≈ −2H 2 * . Such an effective mass-squared can be generated if one incorporates an extra contribution to the Lagrangian, which couples the vector field directly to gravity with an RA 2 type term [14] . This possibility is explored in Ref. [5] . A different idea for the generation of a flat superhorizon spectrum of curvature perturbations is studied in Ref. [4] , this time based on non-trivial evolution for the gauge kinetic function (f ∝ a 2 during inflation), which is natural in supergravity theories.
2 A concrete example of generating simultaneously the curvature perturbation in the Universe and a PMF which accounts for galactic magnetism, is presented in Ref. [23] .
In summary, we have explored a particular vector curvaton scenario which employs the electroweak gauge bosons to produce the curvature perturbation in the Universe, while simultaneously generating a primordial magnetic field strong and coherent enough to account for galactic magnetism. Assuming that inflation gives rise to a flat superhorizon spectrum of perturbations for the hypercharge field, we have shown that they can generate the observed curvature perturbation at the electroweak phase transition, when the Z-boson can act as a vector curvaton field. The spectrum of the hypercharge perturbations survives the hot big bang in the form of a hypermagnetic field, which is frozen into the highly conducting plasma. As a side effect, the projection of the hypercharge onto the photon direction at the electroweak transition produces a primordial magnetic field, which is strong and coherent enough to seed the galactic dynamo mechanism and explain the observed magnetic fields of the galaxies. The generation of the original flat superhorizon spectrum of perturbations for the hypercharge requires physics beyond the standard model. However, many mechanisms exist in the literature. Depending on the mechanism one can connect the vector curvaton requirements with the energy scale of inflation. I wish to thank M. Karčiauskas for discussions. This work was supported (in part) by the European Union through the Marie Curie Research and Training Network "UniverseNet" (MRTN-CT-2006-035863) and by STFC (PPARC) Grant PP/D000394/1.
